Analysis of structure-activity relationships in the inhibition of influenza B vir'us multiplication by benzimidazoles has led to the synthesis of new derivatives (Tamm et al., 1956 ) having 1,000 times the activity of compounds first studied (Tamm et al., 1952; Tamm et al., 1953c) . A considerable difference in selectivity of action between 2, 5-dimethylbenzimidazole (MB) and 5, 6 -dichloro -1 -/3-D -ribofuranosylbenzimidazole (DRB) has been established in studies conducted along several lines Tamm and Tyrrell, 1954) .
To survey the selectivity of action of a large number of benzimidazole derivatives of known virus inhibitory activity and to relate such selectivity to the chemical structure of the compounds, a convenient but quantitative procedure was needed. It was observed that in the presence of certain derivatives at high concentration, the chorioallantoic membranes showed macroscopic evidence of damage on incubation in vitro. The relationship between these changes, reduced oxygen uptake, and microscopic abnormalities has been determined Comparison of benzimidazoles has revealed differences among a number of derivatives in regard to selectivity of action. It will be shown that the relatively low toxicity of the most potent derivatives is specifically related to the presence of the f-D-ribofuranose moiety at NI in the imidazole ring.
MATERIALS AND METHODS
Virus. The Lee strain of influenza B virus was employed. Ten-or 11-day-old embryonated chicken eggs were inoculated with 104-3 EID50 of Lee vir'us and incubated for 30 hours at 35 C.
The eggs weie chilled at -26 C for 30 minutes, the allantoic fluids were harvested, pooled, and stored in small tubes at -60 C. Each tube was used but once. The allantoic fluid contained 108.7 EID50 of Lee virus per ml.
Cultures of chorioallantoic membrane. Pieces of membrane were obtained from 10-day-old embryonated chicken eggs . The mean area of the pieces was 6.6 cm2, and each piece was suspended in 0.9 ml of medium consisting of a sterile bufferedl salt and dextrose solution at a pH of 7.28 (Tamm et al., 1952) or in a solution of the benzimidazole derivative in the same medium. Immediately thereafter, 0.1 ml of Lee infected allantoic fluid, diluted in cold medium, was intioduced. The final concentration of viius was 106 1 EID50 per ml. A group of 6 cultures was used per variable. The culture tubes were closed with rubber stoppers and incubated for 36 hours at 35 C with continuous horizontal shaking (Tamm et al., 1953b) . After incubation the medium was withdrawn, and the concentration of virus in the medium was measured by the hemagglutination technique. The membranes were inspected under good illumination, and deviations in the gross appearance of treated membranes from that of controls were noted. In certain instances membranes were photographed. For histological studies membranes were fixed in formol-alcohol, embedded in paraffin, and sections were stained with hematoxylin-eosin.
Hemagglutination titrations. Concentration of virus was measured by the hemagglutination technique (Tamm et al., 1953b) . In all experiments groups of 6 cultures were used per variable, and the geometric mean titer of the individual cultures was computed.
Inhibitory activity of compounds. (Tamm et al., 1953c; and in those reported in the following paper (Tamm et al., 1956) , the mean of standard deviations obtained with (lifferent compounds was 12.0 per cent.
It was found with both alkyl (Tamm et al., 1953c) and halogenated ribofuranosyl derivatives (Tamm et al., 1956) (Tamm et al., 1953a) and with DRB , it is estimated that 99.9 per cent inhibition should be obtained with a concentration 2.4 times the 75 per cent inhibitory concentration.
For this study unsubstituted benzimidazole was considered as the reference compound. A concentration of 0.0035 iu of this compound causes 75 per cent inhibition of Lee virus multiplication (Tamm et al., 1953c Hour's
Figutre 7. Oxygen uptake of chorioallantoic membrane incubated in vitro.
were graded from i to 4 + (figures 8 to 13). This scale is used in all other estimations of macroscopic damage recorded in this and the following papers. It should be emphasized that the conditions employed in this and similar experiments were identical to those employed in quantitative studies on the inhibitory activity of benzimidazole derivatives on Lee virus multiplication (Tamm et al., 1953c; Tamm, 1954; Tamm et al., 1956) . As can be seen in figure 10, in the presence of MB at 2 times the 75 per cent virus inhibitory concentration, definite though slight (1+) failure to contract and curl up was present. These changes were very marked (4+) at 4.5 times the inhibitory concentration (figure 13). On the other hand, DRB produced a barely recognizable effect at 4.1 times the inhibitory concentration (figure 14). WVhen the concentration was increased to 8.2 times the inhibitory concentration, the degree of failure to contract and curl up was graded as 2+ (figure 15) .
On the basis of replicate determinations, it was concluded that differences in toxicity of 1. cultures is plotted against concentration of the benzimidazole derivative. In the same figures macroscopic damage to membranes and extent of virus multiplication observed at 36 hours are also plotted against concentration of the compound. The curves describing the relationship between concentration of compounds and extent of virus multiplication are based on the previously determined mean values for the concentrations required to cause 75 per cent inhibition of virus multiplication (Tamm et al., 1953c; . It should be emphasized that observations on the macroscopic appearance of membranes made at 21 hours indicated that the degree of damage noted at this time was only slightly less than tllat observed at 36 hours. It is evident that there was good correlation between reduced oxygen uptake and macroscopic evidence of tissue damage. As can be seen, DRB was 35 times more active than MB as an inhibitor of vir'us multiplication but only 10 times more active in regard to ability to reduce oxygen uptake or to cause macroscopic damage.
The results show that microscopic abnormalities in membrane structure were present at concentiations of MB or DRB at which oxygen uptake by the membranes was unaffected. Such changes wvere more marked in the presence of MB than DRB. Therefore, it appears probable that the effects of these compounds at higher concentrations on oxidative reactions are secondary to primary disturbances in some other areas of cellular metabolism. The question arises whether the grossly visible changes were merely a reflection of microscopic lesions or whether they represented, at least in part, a tertiary phenomenon resulting from reduced oxidative metabolism. The close correlation in dose-response curves between reduced oxygen uptake and gross damage would support the latter possibility. This alternative received further support from an observation that restriction of available oxygen by replacement with nitrogen caused macroscopic damage. It was shown earlier (Ackermann, 1951 ) that influenza virus multiplication in the chorioallantoic membrane requires oxygen. Employing graded amounts of "antimycin A," Ackermann and Francis (1954) restricted the oxidative rate of the tissue in increments. Under these conditions the yield of virus produced was directly proportional to the oxygen consumed. As is shown in table 1, when 02 was partially replaced by nitrogen, virus multiplication was inhibited, and macroscopic evidence of damage to the membranes was present. Two procedures for removing oxygen were used: flushing of the gaseous phase above the culture medium with nitrogen or bubbling nitrogen through the medium followed by flushing. It would be expected that replacement was more complete with the second procedure. The greater degree of inhibition of virus multiplication and the greater damage to the membranes observed after bubbling nitrogen through (Tamm et al., 1953c; Tamm, 1954) showed that, with the exception of 5,6-diethylbenzimidazole, none of the compounds employed had caused marked abnormalities in the macroscopic appearance of membranes when used at a concentration 1.32 times the 75 per cent virus inhibitory concentration. It is estimated that at this concentration multiplication is restricted to 1 per cent of the control value. Experiments were carried out with representative alkyl, chloro, and chloro-glycosyl derivatives of benzimidazole to determine the selectivity of these compounds and to relate this characteristic to the chemical structure of the compounds. Alkyl derivatives of benzimidazole. The results summarized in table 3 indicate that alkyl derivatives varied considerably in regard both to virus inhibitory activity and selectivity and that in numerous instances these properties varied independently. The compound with the most desirable properties was 2-ethyl-5-methylbenzimidazole. This derivative was 19 times more active than unsubstituted benzimidazole as an inhibitor of Lee virus multiplication and approximately twice as selective. 5,6-Diethylbenzimidazole, on the other hand, although 8.5 times more inhibitory than the reference compound, was much less selective. On the basis of available information, it was not possible to relate selectivity to specific structural features of alkyl derivatives.
Chloro and chloro-glycosyl derivates of benzimidazole. In experiments with a series of chloro and chloro-glycosyl benzimidazoles, the relationship between structure and selectivity was explored, and the results are summarized in table 4. As can be seen, both unsubstituted benzimidazole and the 5-chloro derivative caused a similar degree of marked macroscopic damage to the membrane in vitro when used at 4 times the virus inhibitory concentration. It is evident that on a molar basis the 5-chloro compound was 4.7 times more active than unsubstituted benzimidazole both with respect to virus inhibitory activity and toxicity. 5-Chloro-l-13-D-ribofuranosylbenzimidazole, on the other hand, did not cause significant macroscopically visible damage when used at 4 times the inhibitory concentration. On a molar basis the ribofuranosyl derivative was 13 times more active as an inhibitor of virus multiplication than unsubstituted benzimidazole and 2.7 times more active than 5-chlorobenzimidazole. Thus, in this case there was a disproportionate These results indicate that the fl-D-ribofuranosyl group, substituted at Ni, increased the virus inhibitory activity of the molecule without increasing its toxic properties to the same extent, thus conferring a moderate degree of selectivity of action. The importance of the ribofuranose moiety is underlined by the finding that the ribopyranoside and the arabinopyranoside of 5,6-dichlorobenzimidazole were no more selective than unsubstituted benzimidazole.
DISCUSION
In the investigations with benzimidazole derivatives, the most significant structure-activity relationship established is that substitution of the #-D-ribofuranose moiety at Ni in the inidazole ring, with chlorine substituents present in the benzenoid ring, markedly increases the virus inhibitory activity of the molecule without increasing toxicity to the same extent. Thus, the P-D-ribofuranose moiety confers the property of selectivity of action on the molecule. On the other hand, although chlorine substituents are very desirable from the viewpoint of high inhibitory activity, they are not desirable from the viewpoint of selectivity because when chlorine atoms are substituted, inhibitory activity and toxicity increase in parallel. The degree of selectivity of chloro-ribofuranosyl derivatives of benzimidazole can be described as moderate. It follows (Tamm, 1955) that, if possible, the chlorine atoms should be replaced with substituents which would confer desirable properties on the molecule both as to activity and selectivity. Results reported in the communication which follows (Tamm et al., 1956a) indicate that bromo and iodo substituents do not possess significant advantages over chlorine.
The fact that 2-ethyl-5-methylbenzimidazole TAMM exhibits appreciable selectivity, whereas the 5,6-diethyl compound shows none, is of interest because it demonstrates that even among alkyl benzimidazoles there is considerable variation as to toxicity just as there is in regard to virus inhibitory activity. These two properties apparently may vary independently even with substituents other than fl-D-ribofuranose.
The demonstration that selected alkyl derivatives of benzimidazole inhibit in vitro heme synthesis Dodson, 1954a, 1954b) in approximately the same concentration and in the same relative order of inhibitory activity as they inhibit influenza B virus multiplication suggests that the mechanism of action of these benzimidazole derivatives may be similar in the two systems. The finding that the 2-ethyl-5-methyl derivative is much more active than unsubstituted benzimidazole in inhibiting both heme and virus synthesis is of special interest because the 2-ethyl-5-methyl derivative is also more selective, as was shown above. Thus, there is little doubt that the inhibitory activity of benzimidazole derivatives on biosynthesis can be separated from toxic effects by appropriate design of derivatives. The view expressed by Dodson (1954a, 1954b ) that inhibition of heme synthesis and of virus multiplication by benzimidazole derivatives might be the result of selective inhibition of a basic step in the mechanisms whereby nucleic acid (or nucleoprotein) plays some very important role in biosynthesis appears reasonable. A similar working hypothesis was proposed at the beginning of the studies in this laboratory on the effects of benzimidazoles on virus multiplication (Tamm et al., 1952) . Indeed, it has appeared that evidences of selective inhibition of virus multiplication were not due to interference with chemical reactions occurring only in relation to the synthesis of virus materials and playing no role in normal biosynthesis. Rather it has seemed that the explanation for evidences of selective action should be sought among factors such as sites and rates of biosynthesis in the infected cell, intracellular permeability barriers, and the precise nature and degree of dependence of intracellular parasite reproduction on host cell metabolism (Tamm and Tyrell, 1954 ship between these changes, reduced oxygen consumption, and microscopic abnormalities has been determined. It has been possible to relate the concentration of a compound at which inhibition of virus multiplication occurs to the concentration causing macroscopic alterations in the membrane. The relation provides an indication of selectivity of action. Marked differences were found among benzimidazole derivatives with inhibitory activity on Lee virus multiplication in regard to selectivity. With numerous compounds virus inhibitory activity and toxicity varied independently. Thus, the 2-ethyl-5-methyl compound was 6 times more selective than 5,6-diethylbenzimidazole, although it was only twice as active as an inhibitor of influenza B virus multiplication. With chloro-ribofuranosyl derivatives, chlorine atoms substituted in the benzenoid ring increased both virus inhibitory activity and toxicity to a similar degree while substitution of f3-D-ribofuranose moiety at Ni in the imidazole ring increased the virus inhibitory activity of the molecule considerably more than its toxic properties thus bestowing a moderate degree of selectivity on the molecule. Moreover, 5, 6 ,7-)trichloro-1 -13-D-ribofuranosylbenzimidazole (TRB) was 3.5 times more selective and 40 times more active as an inhibitor than the 2-ethyl-5-methyl compound.
